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subsequent phosphoryl transfer to its downstream protein partner. Simultaneous use of solution X-ray
scattering and NMR dipolar coupling data to guide simulated annealing refinement reveals the existence of a
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Enzyme I (EI) is the first component in the bacterial phosphotrans-
ferase system, a signal transduction pathway in which phosphoryl
transfer through a series of bimolecular protein–protein interactions
is coupled to sugar transport across the membrane. EI is a multido-
main, 128-kDa homodimer that has been shown to exist in two con-
formational states related to one another by two large (50–90°) rigid
body domain reorientations. The open conformation of apo EI allows
phosphoryl transfer fromHis189 located in the N-terminal domain α/β
(EINα/β) subdomain to the downstream protein partner bound to the
EINα subdomain. The closed conformation, observed in a trapped
phosphoryl transfer intermediate, brings the EINα/β subdomain into
close proximity to the C-terminal dimerization domain (EIC), thereby
permitting in-line phosphoryl transfer from phosphoenolpyruvate
(PEP) bound to EIC to His189. Here, we investigate the solution con-
formation of a complex of an active site mutant of EI (H189A) with
PEP. Simulated annealing refinement driven simultaneously by solu-
tion small angle X-ray scattering and NMR residual dipolar coupling
data demonstrates unambiguously that the EI(H189A)–PEP complex
exists in a dynamic equilibrium between two approximately equally
populated conformational states, one corresponding to the closed
structure and the other to a partially closed species. The latter likely
represents an intermediate in the open-to-closed transition.
multidomain protein dynamics | dipolar couplings | X-ray scattering |
conformational states | ligand binding
Enzyme I (EI) is the first component of the bacterial phos-phoenolpyruvate (PEP):sugar phosphotransferase signal trans-
duction system (PTS) whereby transfer of sugars across the
membrane is coupled to a sequential phosphorylation cascade
involving a series of bimolecular protein–protein interactions (1).
Autophosphorylation of EI by PEP activates the PTS. Under
conditions of nitrogen limitation, competitive inhibition of EI by
α-ketoglutarate, an analog of PEP, abolishes sugar uptake by the
PTS, thereby providing a regulatory link between central carbon
and nitrogen metabolism (2, 3).
EI is a 128-kDa homodimer, with each subunit comprising two
domains (4–6) (Fig. 1A). The N-terminal domain (EIN) is itself
subdivided into two subdomains: EINα includes the binding site
for the His phosphocarrier protein (HPr), the downstream partner
in the phosphorylation cascade, and EINα/β contains the site of
phosphorylation at His189 (7–9). The C-terminal dimerization
domain (EIC) possesses the PEP binding site (10–13). EINα and
EINα/β are connected to one another by two extended loops (7–9),
whereas EINα/β is connected to EIC via a long swivel helix (14, 15)
(Fig. 1A). The structures of free EI from Escherichia coli and
Staphylococcus aureus in solution (16, 17) and crystal states (15)
display open conformations (Fig. 1A, Left), whereas the structure
of a trapped phosphoryl transfer intermediate of phosphorylated
E. coli EI has a closed conformation (14) (Fig. 1A, Right). The
open-to-closed state transition involves two large rigid body con-
formational transitions accompanied by an ∼50–70° reorientation
of EINα/β relative to EIC and an ∼90° reorientation of EINα
relative to EINα/β (16). We refer to the EINα/EINα/β orientation
found in the open and closed structures as the A and B confor-
mations of EIN, respectively. Only the A conformation has been
observed in solution and crystal structures of isolated EIN, free
(7, 8), complexed to HPr (9), or phosphorylated (18). Modeling
suggests that either both domain reorientations occur concurrently
or reorientation of EINα/β relative to EIC precedes reorientation
of EINα to avoid a steric clash between EINα and EIC, resulting in
the formation of an intermediate (16).
In the closed structure, the position of EINα/β relative to EIC
allows direct in-line phosphoryl transfer from PEP bound to EIC to
His189 on EINα/β (14). However, in the orientation of EINα relative
to EINα/β seen in the closed state (i.e., the B conformation of EIN)
the Cα-Cα distance between His189 and His15 of HPr bound to
EINα is too large (∼30 Å) to permit subsequent phosphoryl transfer
from EIN to HPr (16). In the open state of EI, with EIN in the A
conformation, however, the reverse holds: the orientation of EINα
to EINα/β places His189 in close proximity to His15 of HPr, thereby
permitting in-line phosphoryl transfer to HPr (9). Thus, rapid in-
terconversion between the open and closed states of EI is critical to
catalytic function.
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We recently showed that the open/closed interconversion of
PEP-bound EI is modulated by the volume of the active site side
chain at position 189, with smaller side chains favoring the closed
conformation (19). In the wild-type EI (EIWT)–PEP complex, the
latter is undetectable in solution by small angle X-ray scattering
(SAXS) (19) despite the fact that the closed conformation could
be selectively crystallized from a solution of EI, PEP, and Mg2+
in which the autophosphorylation reaction was quenched by the
inhibitor oxalate (14). These observations can be attributed to
steric and electrostatic repulsion between phosphorylated His189
and bound PEP (19), and they emphasize that the crystallized
phosphoryl transfer intermediate represents a sparsely populated
state in solution. No such clash exists for the EI(H189A) mutant
(EIA), and initial SAXS analysis suggests that the EIA–PEP com-
plex is skewed toward the closed conformation (∼60%); however,
a mixture of closed and open states does not accurately reproduce
the observed SAXS curve (19) or fully account for the residual
dipolar coupling (RDC) data measured by NMR (this work).
Here, on the basis of the known structures of the individual do-
mains of EI, we investigate the solution structure of the EIA–PEP
complex by rigid body-simulated annealing refinement driven by
experimental RDC and SAXS data. This analysis indicates that the
EIA–PEP complex exists as a rapidly interconverting ensemble
of two approximately equally populated conformations comprising
closed and partially closed states, and it suggests a functional role
for the partially closed state in PEP binding and subsequent pyru-
vate release following autophosphorylation.
Results and Discussion
RDC Analysis of the Individual Structural Domains. RDCs measure
the orientation of bond vectors relative to an external alignment
tensor, and therefore provide a very sensitive indicator of both
structural quality (20) and relative domain orientations (21).
Backbone amide (1DNH) RDCs for uniformly
15N/2H-labeled
E1A–PEP complex, aligned in a neutral bicelle medium (22), were
measured for well-resolved 1HN/
15N cross-peaks in the 1H-15N
transverse relaxation optimized spectroscopy (TROSY) correla-
tion spectrum using the ARTSY (amide RDCs by TROSY)
technique (23) (the distribution of measured RDCs is shown in
Fig. S1). As in the case of EIWT (16), the observed RDCs for the
EINα and EINα/β subdomains of the EIA–PEP complex, treated
separately, agree better with the corresponding coordinates from
the solution NMR structure of the EIN–HPr complex [Protein
Data Bank (PDB) ID code 3EZA (9)] (Table 1) than with the
corresponding coordinates from the X-ray structures of either
isolated EIN (7) or the full-length EI phosphoryl transfer in-
termediate [PDB ID code 2HWG (14)]. This improved agreement
is simply a reflection of the fact that the structure of the EIN–HPr
complex was determined using RDCs, albeit in a charged align-
ment medium of phage fd (9) (hence, the excellent agreement of
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Fig. 1. Agreement of the experimental RDC and SAXS data acquired for the
EIA–PEP complex with the EIopen and EIclosed structures. (A) NMR structure of
EIopen [Left; PDB ID code 2KX9 (16)] and X-ray structure of EIclosed [Right,
trapped phosphoryl transfer intermediate; PDB ID code 2HWG (14)]. EINα,
EINα/β, and EIC are colored blue, light blue, and red, respectively. (B)
Agreement between the experimental (1D
obs
NH ) RDCs for the EI
A
–PEP complex
and the back-calculated (1D
calc
NH ) RDCs for the EI
open (Left) and EIclosed (Right)
structures obtained by predicting the alignment tensor from molecular
shape. Data points are colored blue, light blue, and red for EINα, EINα/β, and
EIC, respectively. (C) Agreement between experimental SAXS curve (black)
for the EIA–PEP complex and the back-calculated curves (red) for the EIopen
(Left) and EIclosed (Right) structures. The residuals, given by (Ii
calc − Iiobs)/Iierr,
are plotted above the SAXS curves. Error bars: 1 SD.
Table 1. SVD analysis of backbone amide (1DNH) RDCs for the
EIA–PEP complex
Domain No. of RDCs DNHa (Hz) η R-factor,* %
EINα 23 −19.3 0.34 21.8
EINα/β 20 −19.7 0.47 17.7
EINA-state 43 −16.5 0.37 50.9
EINB-state′ 43 −19.5 0.37 22.2†
EINB-state′′ 43 −19.6 0.37 22.0†
EICmonomer 25 −21.8 0.27 24.6
EICdimer 25 −22.3 0.28 25.0
EIopen 68 −5.8 0.46 53.5
EIopen‡ 68 4.3 0.36 68.7
EIclosed 68 −21.2 0.27 25.8
EIclosed‡ 68 −20.8 0.47 28.4
SVD analysis was carried out using the calcTensor helper of Xplor-NIH
(29). The base coordinates for the two subdomains of EIN are taken from the
solution structure of the isolated EIN–HPr complex [PDB ID code 3EZA (9)].
The structure of isolated EIN (7–9), as well as the structure of EIN in the
context of free intact EI (15, 16), is in the A conformation. The coordinates
of the B conformation of EIN observed in the crystal structure of the phos-
phoryl transfer intermediate (14) were obtained by best-fitting the back-
bone atoms of the EINα and EINα/β subdomains from the solution structure
[PDB ID code 3EZA (9)] onto the crystal structure of phosphorylated EI [PDB
ID code 2HWG (14)]. The coordinates of EIC and the swivel helix were taken
from the crystal structure of phosphorylated EI (PDB ID code 2HWG), with
protons added using Xplor-NIH (29).
*RDC R-factor is given by [<(Dobs − Dcalc)2>/(2<Dobs2>)]1/2, where Dobs and
Dcalc are the observed and calculated RDCs, respectively (30). R-factors for
fits showing good agreement between the coordinates and experimental
RDCs are shown in bold. DNHa (in units of Hz) and η are the magnitude of the
axial component of the alignment tensor and the rhombicity, respectively.
†Orientation of the EINα subdomain relative to the EINα/β subdomain is
slightly different (by a rotation of 5.4°) in the two subunits of the X-ray
structure of phosphorylated EI (14); SVD analysis was therefore performed
separately for the two subunits (denoted as ′ and ′′).
‡These results were calculated using the SARDC facility in Xplor-NIH (29),
which computes the alignment tensor from molecular shape rather than
using it as a set of fit parameters as in the case of SVD.
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the RDCs measured in bicelles provides independent cross-vali-
dation of the structure), whereas the two crystal structures (7, 14)
were solved at a relatively modest resolution (2.5–2.7 Å). Conse-
quently, the NMR coordinates (PDB ID code 3EZA) for EINα
and EINα/β were used for all subsequent analyses and to generate
the EIN portion of the closed and open structures, whereas the
X-ray coordinates (PDB ID code 2HWG) were used for EIC and
the swivel helix (footnotes for Table 1 and SI Materials and Methods).
Singular value decomposition (SVD) fits of the 1DNH RDCs
obtained for the EIA–PEP complex to the B-conformation of
EIN [i.e., the conformation found in the closed X-ray structure
(14)] yields RDC R-factors that are only slightly worse than the
weighted average of the RDC R-factors for EINα and EINα/β
individually (∼22% vs. ∼20%), with comparable values for the
magnitude of the axial component (DNHa ) and rhombicity (η) of
the fitted alignment tensors (Table 1). By way of contrast, the A
conformation of EIN found in apo EI [open state (16, 17)] and
isolated EIN (7–9, 18) results in very poor agreement with the
measured RDCs, with an RDC R-factor of ∼51% (Table 1).
Thus, EIN in the EIA–PEP complex must adopt a conformation
or ensemble of conformations that is close to the conformation
or ensemble of conformations of the B form found in the closed
X-ray structure.
Although no solution structure has been determined for EIC,
there is excellent agreement between the measured RDCs for
the EIA–PEP complex and the RDCs back-calculated from the
crystal structure of phosphorylated EI (14) with comparable R-
factors (∼25%; Table 1) for both an individual subunit and the
dimer. These results are fully consistent with previous RDC data
obtained for isolated EIC (13), and indicate that the relative
orientation of the two EIC domains in the dimeric EIA–PEP
complex is the same as the relative orientation in the crystal
structure of phosphorylated EI (14).
RDC and SAXS Analysis of the Full-Length EIA–PEP Complex. SVD fits
of the 1DNH RDCs measured for the EI
A
–PEP complex yield
R-factors of ∼54% and ∼26% for the open and closed structures
of full-length dimeric EI, respectively (Table 1). The latter RDC
R-factor, however, is significantly larger than the weighted
R-factor (∼22%) obtained when fitting the domains individually.
Because the RDCs were measured in a medium (neutral
bicelles) where alignment is induced through transient steric
interactions, the alignment tensor can be calculated from mo-
lecular shape and the RDCs can be back-calculated directly from
the molecular coordinates (24–26). Although this approach re-
sults in a slightly poorer fit for the closed structure (R-factor
∼28%; Fig. 1B, Right), the values of DNHa and η are close to the
values obtained from SVD analysis (Table 1). In contrast, the
value of DNHa predicted from the open structure is fivefold
smaller and of opposite sign (Table 1), and there is no agreement
between observed and back-calculated RDCs (R-factor ∼69%;
Fig. 1B, Left). One can therefore conclude that the EIA–PEP
complex adopts a conformation(s) that is similar to the confor-
mation of the closed structure.
SAXS, however, reveals a more complex picture, because neither
the open (χ2 ∼75) nor closed (χ2 ∼44) structures of EI are consis-
tent with the experimental SAXS curve for the EIA–PEP complex
(Fig. 1C and Table 2). Moreover, a linear combination of open and
closed structures (with optimized populations of 5% and 95%, re-
spectively) results in only minimal improvement, in agreement with
the experimental SAXS data (χ2 ∼37; Table 2) and a slight wors-
ening of the agreement with the RDC data (R-factor ∼30%), in-
dicating that a simple two-state equilibrium between open and
closed structures does not represent the state of the EIA–PEP
complex in solution.
Structure Refinement of the EIA–PEP Complex. To determine the 3D
structure of the EIA–PEP complex in solution, we therefore
made use of RDC- and SAXS-driven rigid body simulated
Table 2. RDC and SAXS analysis of the EIA–PEP complex
Structure RDC R-factor, % SAXS*
EINα EINα/β EIC EI χ2
Back-calculation of RDC and SAXS data from the EIopen and EIclosed structures†
EIopen 79.0 67.2 62.6 68.7 75.4
EIclosed 35.1 23.0 29.8 28.4 43.5
EImix‡ 34.2 24.7 34.6 30.2 36.8
Structure refinement of EIA–PEP complex against RDC and SAXS data§
Ne = 1
(SAXS) 72.0 ± 0.1 70.2 ± 0.5 62.0 ± 0.6 68.1 ± 0.4 2.1 ± 0.1
Ne = 1
(RDC) 22.3 ± 0.1 19.1 ± 0.1 25.3 ± 0.1 22.0 ± 0.1 30.3 ± 9.4
Ne = 1
(RDC/SAXS) 25.0 ± 0.3 19.9 ± 0.2 25.2 ± 0.0 23.0 ± 0.1 6.7 ± 0.2
Ne = 2
(RDC/SAXS){ 22.3 ± 0.1 20.1 ± 0.1 25.4 ± 0.1 22.4 ± 0.1 1.0 ± 0.0
Ne = 3
(RDC/SAXS){ 22.0 ± 0.0 19.4 ± 0.1 25.5 ± 0.1 22.1 ± 0.1 1.0 ± 0.0
Numbers of RDCs are 23 for EINα, 20 for EINα/β, 25 for EIC, and 68 for the whole EI. Target values of the RDC
R-factors for EINα, EINα/β, and dimeric EIC, obtained by SVD against the corresponding coordinates, are 21.8%, 17.7%,
and 25.0%, respectively (Table 1). The target value for the complete EI dimer, given by the weighted average of
the RDC R-factors for the individual domains, is 21.8%. The target value of χ2 for the SAXS data is 1.0.
*SAXS curves were back-calculated from the coordinates of the EI structures using the calcSAXS-bufsub helper
function (19) of Xplor-NIH (29).
†RDCs arising from steric alignment were back-calculated from the molecular shapes generated from the
coordinates of the EI structures using the calcSARDC helper function of Xplor-NIH (29).
‡EIMix is a two-member ensemble of EIopen and EIclosed with optimized populations of 5% and 95%, respectively.
§Average values and corresponding SDs over the 10 lowest target function structures are reported.
{For the Ne = 2 ensemble, one member of the ensemble is fixed to the structure of EI
closed (14); in the other
ensemble member, EINα, EINα/β, and dimeric EIC are allowed to move relative to one another as rigid bodies, by
giving residues within the linker regions Cartesian degrees of freedom (main text). Optimized populations for
the closed and partially closed members of the ensemble are 51.7 ± 1.1% and 48.3 ± 1.1%, respectively. For the
Ne = 3 ensemble, a third member, fixed to the coordinates of EI
open (16), is added; the optimized populations
are 54.5 ± 1.1% (partially closed), 43.1 ± 1.2% (closed), and 2.4 ± 0.1% (open). Structures of EIpartially closed in the
Ne = 2 and Ne = 3 ensembles are the same within experimental error: when fit to the EIC dimer, the C
α rms
difference between the EIN domains of the Ne = 2 and Ne = 3 partially closed structures is only 1.3 ± 0.2 Å.
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annealing in which EINα, EINα/β, and the EIC dimer were treated
as separate rigid bodies, whereas the linker regions connecting
EINα/β to EINα (residues 22–24 and 143–146) and EIC (residues
255–261) were given Cartesian degrees of freedom (full details of
the calculational strategy are provided in SI Materials and Methods).
Allowing backbone deformations of the rigid bodies is not justified
because agreement between observed and calculated RDCs at the
individual subdomain/domain level (as discussed above) is within
the error of the measured RDCs and structure coordinates.
Similar calculations were used to investigate the solution struc-
ture of EIWT (16) and the EI(H189Q) mutant (17). However, in the
current work, the RDC alignment tensor was calculated directly
from the coordinates and molecular shape at every step of molec-
ular dynamics and minimization, as was described in our recent
work on the HIV-1 capsid protein (26). This aspect of the calcu-
lations is critical because it enables one to carry out ensemble cal-
culations where a single structure is insufficient to account for the
experimental data. Further, this approach makes full use of the
information content present in the RDCs because both molecular
shape and bond vector orientations are taken into account. In ad-
dition, considerable speedup in the computation of SAXS curves
was achieved by decomposition into a small number of rigid bodies,
thereby rendering the calculation independent of the number of
atoms. Specifically, for atoms within a rigid body, the relative atom
positions do not change; thus, after an initial calculation, the
corresponding contribution to the scattering amplitude can be
computed without referring to atomic positions (details are pro-
vided in SI Materials and Methods).
Three calculations were carried out with an ensemble size ofNe =
1 (i.e., a single dimeric structure) and symmetry imposed (Figs. 2
and 3 and Table 2; details of symmetry restraints are provided in SI
Materials and Methods). Refinement against only the SAXS data
results in a structure that satisfies the SAXS curve reasonably well
(χ2 = 2.1) but fails to account for the RDC data (R-factor ∼68%)
(Fig. 2A); refinement against only the RDC data results in a
structure that satisfies the RDC data (R-factor = 22%) but fails
to reproduce the SAXS data (χ2 = 30) (Fig. 2B); and combined
SAXS and RDC refinement results in a reasonable RDC R-factor
(23%) but still fails to satisfy the SAXS data within experimental error
(χ2 = 6.7) (Fig. 2C). One can therefore conclude that the EIA–PEP
complex in solution must adopt several conformations because
a single-structure representation does not simultaneously re-
produce the experimental RDC and SAXS data. Interconversion
between these multiple conformations must be fast on the chem-
ical shift time scale (i.e., submilliseconds) because only a single set
of cross-peaks is observed in the 1H-15N TROSY correlation
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Fig. 2. Structure refinement of the EIA–EP complex. Comparison of exper-
imental vs. calculated SAXS curves (Left) and RDC data (Right) for SAXS-only
refinement with an ensemble size Ne = 1 (A), RDC-only refinement with Ne =
1 (B), combined SAXS and RDC refinement with Ne = 1 (C), and combined
SAXS and RDC refinement with Ne = 2 (D). The experimental and calculated
(for the 10 lowest target function structures) SAXS curves are shown in black
and red, respectively. Error bars: 1 SD. The RDCs for EINα, EINα/β, and EIC are
color-coded blue, light blue, and red, respectively.
A
-state of EIN (in EIA open)
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B-state of EIN (in EIpartially closed)
C
B
EINα
EINα/β
Fig. 3. Structural ensemble of the EIA–PEP complex obtained from com-
bined refinement against SAXS and RDC data for Ne = 2. (A) Overall distri-
bution of EIN relative to EIC displayed as a reweighted atomic probability
density map plotted at 2% (transparent yellow surface) of maximum. EIC is
shown as a white ribbon. Conformations adopted by EIN in the EIclosed and
EIpartially closed states are shown as blue and green ribbons, respectively. (B)
Backbone atomic probability density map (plotted at 50% and 2% of max-
imum in transparent red and yellow, respectively) for EIpartially closed gener-
ated from the Ne = 2 calculations. (C) Orientation of EIN
α relative to EINα/β
(white ribbon). EINα in EIopen, EIclosed, and EIpartially closed is displayed in red
(transparent), dark blue/light blue (for the two subunits of the X-ray struc-
ture of EIclosed), and green, respectively. The Cα rms difference between EINα
of EIpartially closed (green) and EIclosed (dark blue) is smaller than the Cα rms
difference between the dark-blue and light-blue EINα subdomains of EIclosed:
3.2 Å vs. 5.6 Å (Table S1).
11568 | www.pnas.org/cgi/doi/10.1073/pnas.1515366112 Venditti et al.
spectrum. The existence of fast interdomain dynamics is also
supported by the observation that the magnitudes of the axial
component of the alignment tensor (DNHa ) for EIN
α and EINα/β
(−19 to −20 Hz) are systematically 10–15% smaller than the
magnitudes for EIC (−22 Hz) (Table 1) (27).
We therefore carried out two further joint SAXS/RDC re-
finement calculations with ensemble sizes of Ne = 2 and Ne = 3
(Figs. 2 and 3 and Table 2). In these calculations, the subdomains
and domains of one member of the ensemble were allowed to
move as rigid bodies just as in the case of the Ne = 1 calculations;
for the Ne = 2 calculation, the other ensemble member was held
fixed to the closed structure throughout, whereas for the Ne = 3
calculation, the two other members of the ensemble were fixed
to the open and closed structures throughout. The population
weights for the ensemble members were continually optimized at
every step of molecular dynamics and minimization. The Ne = 2
calculation resulted in an ensemble that fully satisfied both the
RDC (R-factor = 22.4 ± 0.1%) and SAXS (χ2 = 1.0 ± 0.0) data
within experimental error (Fig. 2D and Table 2). The addition of
a third member, fixed to the open structure, results in no im-
provement in agreement with the SAXS data (χ2 = 1.0 ± 0.0) and
only a minimal reduction in the RDC R-factor (22.1 ± 0.1%),
which is within the accuracy of the computation of the alignment
tensor from molecular coordinates (24); the optimized pop-
ulation of the open state is ∼2%, from which one can conclude
that the open state of the EIA–PEP complex, if present at all, is
essentially undetectable from the current data. In addition, it is
worth noting that although the data are dominated by two dis-
tinct conformational states, each conformation is likely itself not
rigid but rather a narrower ensemble of conformations.
The structure of the refined ensemble member in both the Ne = 2
and Ne = 3 calculations is best described as a partially closed state
(Fig. 3 A and B). The orientation of EINα to EINα/β is very similar
to the orientation in the closed state (i.e., the B conformation; Fig.
3C), but the position of EIN relative to EIC is more open than in
the closed state (Fig. 3 A and B). The partially closed and closed
states are approximately equally populated (52 ± 1% and 48 ± 1%,
respectively, in the Ne = 2 calculation; sensitivity to population is
shown in Fig. S2). The position of EIN relative to EIC in the par-
tially closed structure is well defined, with a Cα rms difference to the
mean of 0.4 ± 0.1 Å when best fitting to EIC (Fig. 3C; a discussion
of domain orientation accuracy is provided in SI Materials and
Methods). The positions of EINα/β in the partially closed and closed
states are related to one another by a rotation of 14–16° and a
translation of ∼6.5 Å (Table S1).
The outward displacement of EINα/β relative to EIC in the par-
tially closed structure results in a decrease in buried accessible
surface at the EINα/β/EIC interface from ∼890 Å2 in the closed state
to ∼260 Å2 in the partially closed state. Despite the large reduction
in the EINα/β/EIC interface, the position of EINα/β in the partially
closed state is stabilized by electrostatic interactions between
three Arg-Asp pairs (Arg186-Asp468, Arg195-Glu504, and
Glu198-Arg286; Fig. 4).
The outward displacement of EIN in the partially closed struc-
ture of the EIA–PEP complex relative to the closed structure ef-
fectively displaces the side chain at position 189 out of the PEP
binding pocket on EIC such that in-line phosphoryl transfer of the
phosphoryl group from PEP to a His at position 189 (in EINα/β) can
no longer occur. Of note is the fact that PEP is solvent-accessible in
both the open and partially closed structures (Fig. 5 A and B, re-
spectively) but is buried in the closed structure (Fig. 5C). Thus, PEP
would not be able to gain access to its binding site in the closed
conformation, whereas the PEP binding site is accessible to PEP in
both the open and partially closed states. Similarly, the product of
PEP hydrolysis, pyruvate, cannot be released directly from the
closed state. These observations suggest that the partially closed
structure of the EIA–PEP complex determined here represents
an intermediate in the transition from the closed state to the
open state (16), that binding of PEP to apo EIA may involve in
part conformational selection of a sparsely populated species
corresponding to the partially closed state, and that release of
pyruvate during the course of the catalytic cycle may occur from the
partially closed state.
In the partially closed state, reorientation of EINα relative to
EINα/β from the B conformation to the A conformation (found in
the fully open state) still results in a steric clash between EINα
and EIC in the absence of further outward movement of EINα/β.
Hence, the partially closed-to-open transition requires additional
concerted reorientation of EINα/β relative to EIC to allow the A
conformation of EIN to be fully adopted.
Concluding Remarks
We have shown through combined use of SAXS and RDC
measurements, coupled with simulated annealing refinement,
that the EIA–PEP complex exists in a dynamic equilibrium be-
tween closed and partially closed states with interconversion on
the submillisecond time scale. Although the closed state of EIWT,
in the form of a phosphoryl transfer intermediate, was fortu-
itously selected by crystallization (14), both the closed and par-
tially closed states of the wild-type protein are very sparsely
populated in solution and their presence cannot be ascertained
by SAXS or RDCs (16, 19). Thus, mutation of the active site
residue at position 189 from His to Ala unveils functionally im-
portant interconverting states of EI that are undetectable in the
wild type owing to their very low occupancies. Because the open-
to-closed transition requires two large (∼50–90°) rigid body domain
reorientations (16), the partially closed state likely represents an
intermediate between the transient closed state required for
E198
R286
E504
D468
R186
R195
Fig. 4. Interdomain contacts between EIN and EIC in EIpartially closed. EIN and
EIC are shown as light blue and light red ribbons, respectively, and pertinent
side chains involved in potential electrostatic interdomain interactions are
shown as sticks.
B CA Open Partially-closed Closed
Fig. 5. Close-up view of the PEP binding sites (one per subunit) in EIopen (A),
EIpartially closed (B), and EIclosed (C). EIN and EIC are colored light blue and light
gray, respectively. PEP molecules are shown as red spheres.
Venditti et al. PNAS | September 15, 2015 | vol. 112 | no. 37 | 11569
BI
O
PH
YS
IC
S
A
N
D
CO
M
PU
TA
TI
O
N
A
L
BI
O
LO
G
Y
autophosphorylation by PEP and the predominant open state in
solution needed to effect subsequent phosphoryl transfer to the
downstream partner protein HPr.
From a purely experimental perspective, the existence of a
dynamic equilibrium between two distinct states of the EIA–PEP
complex could not be ascertained from SAXS or RDC mea-
surements alone because these data, when treated independent
of one another, can each be accounted for reasonably well by a
single-structure representation. It is only when the SAXS and
RDC data are treated together that the existence of a confor-
mational ensemble consisting of two distinct states is revealed,
thereby unambiguously demonstrating the dynamic character of
the EIA–PEP complex.
Materials and Methods
Protein Expression and Purification. The H189A mutant of E. coli EI (EIA) was
created using the QuikChange Site-Directed Mutagenesis Kit (Stratagene)
and expressed and purified as described for EIWT (16).
SAXS. SAXS data were acquired at the Advanced Photon Source (Argonne Na-
tional Laboratory) on samples of EIA (5mg/mL corresponding to∼40 μMdimer) in
20mM Tris buffer (pH 7.4), 100 mMNaCl, 10 mMDTT, 4 mMMgCl2, 1 mM EDTA,
and one tablet of protease inhibitor mixture (SigmaFAST S8830; Sigma–Aldrich).
PEP was added to a final concentration of 20 mM immediately before data ac-
quisition (details are provided in SI Materials and Methods).
NMR Spectroscopy. NMR samples contained 0.4 mM subunits of EIA, 50 mM
PEP, 20 mM Tris buffer (pH 7.4), 100 mM NaCl, 4 mM MgCl2, 1 mM EDTA,
2 mM DTT, and 90% H2O/10% D2O (vol/vol). Samples were aligned in
dimyristoylphosphatidyl-choline/06:0 diether phosphatidylcholine bicelles (q =
3; Avanti Polar Lipids) doped with 0.1% 1,2-dimyristoyl-sn-glycero-3-phos-
phoethanolamine-N-poly(ethylene glycol)2000 (Avanti Polar Lipids) to improve
bicelle stability (22). All NMR spectra were recorded at 37 °C at a spectrometer
frequency of 800 MHz (details are provided in SI Materials and Methods).
Structure Calculations. SAXS- and RDC-driven conjoined rigid body/torsion
angle/Cartesian simulated annealing was carried out in Xplor-NIH (16, 28, 29)
(details are provided in SI Materials and Methods). Coordinates, experimental
restraints, and chemical shift assignments have been deposited in the PDB (PDB
ID code 2N5T).
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